Hypothalamic norepinephrine (NE) plays an important role in the control of sexual behavior and in the secretion of gonadotropin. Our previous study showed that coitus induced simultaneous increases in hypothalamic NE and GnRH releases in female but not in male rabbits. To investigate the activities in noradrenergic neurons during the coitus-induced process of an LH surge, we measured tyrosine hydroxylase (TH, the rate-limiting enzyme in NE synthesis) and NE transporter (NET, a key protein for NE cellular reuptake) mRNA levels in locus coeruleus (LC) noradrenergic cells in female New Zealand White rabbits. Changes in LC-TH and LC-NET mRNA levels were also measured in males as controls. Female rabbits were killed before coitus and at 15, 30, 60, 120, and 240 min after coitus (n=6-7/time point); males were killed before and at 30, 60, and 120 min after coitus (n=3/time). Individual brainstems were sectioned, the LC neurons punched, and TH and NET mRNAs were quantified by ribonuclease protection assay (RPA). Rabbit-specific TH (330 bp) and NET (503 bp) cDNAs were used as probes in the RPA for gene-specific signals. A rabbit 'house-keeping' cDNA (cyclophilin, 158 bp) was also cloned and used as an internal marker for tissue RNA content. Trunk blood was collected to determine serum LH levels. In female rabbits, serum LH levels rose by 15 min after coitus, reached peak concentrations at 1-2 h, and declined thereafter. The time interval for changes in TH and NET mRNA levels in females was similar to that in serum LH levels. Both TH and NET mRNAs increased significantly by 15 min (73% and 85% respectively) and were elevated for 2 h (87% and 111% respectively). TH mRNA levels returned to basal levels by 4 h after coitus, whereas NET mRNA values were elevated throughout the 4 h of observation. In contrast, LH, TH and NET mRNA levels did not change after coitus in males. The enhanced gene expression of both TH and NET in the LC in females, in accord with our previous demonstration of increased hypothalamic NE release, suggests that regulation of NE synthesis and reuptake is an integral part of the coitus-induced NE/GnRH/LH surge process that includes the initiation, sustenance or recovery of the release and/or storage of these neurochemicals.
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INTRODUCTION
Hypothalamic norepinephrine (NE) plays an important role in the control of reproduction because its effects on sexual behavior and on the secretion of gonadotropin, especially luteinizing hormone (LH), are firmly established (Sawyer et al. 1974 , Kalra & Kalra 1983 , Etgen et al. 1992 . In contrast, biochemical and molecular events in noradrenergic neurons in the brainstem where hypothalamic NE is derived have received little attention.
Tyrosine hydroxylase (TH) is the rate-limiting enzyme for NE synthesis. Synthesized NE is released into synaptic clefts in the hypothalamus and cleft NE is actively removed into presynaptic noradrenergic neurons for either inactivation or reuse (Kanner & Schuldiner 1987) . Therefore, NE synthesis, release and reuptake steps are potential targets for affecting NE transmission. NE reuptake is controlled by a specific protein, NE transporter (NET), which was identified by cDNA techniques (Pacholczyk et al. 1991) . Several in vivo microdialysis studies in cerebral cortex and hippocampus have shown that acute local infusion of NET blocker increases extracellular concentration of NE by two-to eightfold (L'Heureux et al. 1986 , Kalén et al. 1988 , Gustafson et al. 1991 . NET blocker also decreases NE cell firing rate in the locus coeruleus (LC), a major noradrenergic cell group in the brainstem (Nyböck et al. 1975 , Valentino et al. 1990 . These results support the hypothesis that the activity of NET is important in maintaining synaptic NE levels and may constitute an important mechanism for controlling NE action. It has been reported that antidepressant drugs which affect sexual behavior (Margolese & Assalian 1996) can also modulate NET gene expression (Shores et al. 1994) . To date, however, there are no published reports which directly correlate NE reuptake activity and reproductive processes.
In previous studies we observed simultaneous increases in hypothalamic NE and gonadotropinreleasing hormone (GnRH) release during the coitus-induced preovulatory LH surge in female rabbits (Yang et al. 1996) . This coincident NE and GnRH increase suggests that coitus may activate ascending noradrenergic pathways. Profiles for both NE-and GnRH-induced LH release have been characterized during the copulatory process. Therefore, the use of this model is ideally suited to elucidate the underlying cellular and molecular mechanisms of noradrenergic activities. With the combination of a sensitive ribonuclease protection assay (RPA) (Ma et al. 1994 ) and the micropunch technique (Palkovits 1975) , measurements of mRNA levels for TH and NET in a specific cell group of a single rabbit become feasible. Therefore, we quantified chronologically the changes in TH and NET mRNA levels in the LC during the coitus-induced LH surge in New Zealand White (NZW) rabbits. The investigation aimed to extend our previous observations by answering the following questions.
(1) Is noradrenergic activity in a discrete neuronal population, i.e. the LC, activated after coitus? (2) What is the profile of TH gene expression after coitus, and does it parallel the changes in NE release that we observed earlier (Yang et al. 1996) ? (3) Is NET gene expression affected by coitus; if so, is the gene up-or down-regulated?
MATERIALS AND METHODS

Animals
Adult NZW rabbits (3·5-4·5 kg) were obtained from Western Oregon Rabbitry (Philomath, OR, USA). Rabbits were caged individually in a temperature-(20-22 C) and light-(lights on 0700-1900 h) controlled room. All rabbits were fed rabbit chow (Ralston-Purina Co., St Louis, MO, USA) and provided with water ad libitum.
Treatment
Intact female rabbits were mated with intact stud male rabbits. Successful coitus was determined by visual observation and the presence of sperm in the vagina. The female rabbits were killed during deep Nembutal anesthesia (1 mg/kg, i.v.) before or 15, 30, 60, 120 and 240 minutes (min) after mating (n=6-7/time point). Brainstems were quickly removed, fresh-frozen on dry ice and kept at 80 C until processed for RNA isolation as described below. Trunk blood was collected and plasma was stored at 20 C until LH assay.
Male rabbits were also included as controls for the study, as our previous work showed that neither an increase in hypothalamic NE/GnRH release nor an LH surge occurs after coitus in males. Intact male rabbits were killed as described above before or 30, 60 and 120 min after coitus (n=3/time point). Chloroform, isoamyl alcohol, urea, ammonium persulfate, TEMED (N, N, N Ntetramethylethylenediamine) , N-lauroylsarcosine, sodium chloride, sodium citrate and trizma-base were purchased from Sigma Chemical Co. (St Louis, MO, USA). Acrylamide, guanidine thiocyanate, EDTA and bis-acrylamide were purchased from Amersham Life Science (Cleveland, OH, USA). The phenol and ribonuclease protection assay reagent kit, including yeast RNA, RNase A and T1 etc, were purchased from Ambion (Austin, TX, USA). Moloney murine leukemia virus reverse transcriptase was purchased from Life Technologies Inc. (Gaithersburg, MD, USA). Taq polymerase and pGEM-3Z vector were purchased from Promega Biotech (Madison, WI, USA).
Materials
RNA isolation
Frozen brainstems were sectioned (300 µm) in a cryostat with chamber temperature maintained at 15 C. Bilateral LC areas were punched with a 14-gauge stainless-steel needle (Palkovits 1975) . Total RNA from the pooled LC punches in each individual was isolated as described elsewhere (Chomczynski & Sacchi 1987) . Briefly, each sample was homogenized in 5-10 vol of extraction buffer (4  guanidinium isothiocyanate, pH 7·0, 25 m Na citrate, 0·5% N-lauroylsarcosine, and 0·1  2-mercaptoethanol) with a tissue homogenizer. This volume was referred to as the starting volume. One-tenth starting volume sodium acetate (pH 4·0), 1·0 volume acid phenol and 0·2 volume chloroform/ isoamyl alcohol (24:1) were added sequentially to the homogenate and vortexed. The aqueous phase was isolated after centrifugation and precipitated at 70 C for 1 h with an equal volume of isopropanol. The pellet was recovered by centrifugation and rinsed with 70% ethyl alcohol. The RNA pellet was vacuum-dried and dissolved in diethyl pyrocarbonate-treated water. The concentration of RNA was estimated based on absorbance at 260 nm, and an aliquot of total RNA was electrophoresed in 1% agarose gel containing ethidium bromide to confirm quality and integrity of RNA.
Probes
Rabbit-specific 330-neuropeptide (nt) TH, 503 nt NET and 158 nt cyclophilin cDNA fragments were generated by reverse transcription polymerase chain reaction (RT-PCR). Three sets of gene-specific oligodeoxynucleotide primers were synthesized. In the case of TH, the sense oligodeoxynucleotide primer was located in exon 1 of the human TH DNA (Grima et al. 1987 ) with the following sequence: 5 -AAGGGCTTCAGAAGGGCCGT CT-3 . The antisense oligodeoxynucleotide primer was located in exon 3: 5 -TTCCCATCCCTCT CCTCAAA-3 . The 206 nt rabbit TH fragment corresponded to base 52 through 254 of the human sequence (Pau et al. 1997) . For NET, a set of oligodeoxynucleotide primers located between putative transmembrane domains III and VII of the human NET cDNA (Pacholczyk et al. 1991 ) was generated to include all possible coding oligos (X=C/G/A/T) with the following sequences: sense (base 517 to 536 of the human NET sequence), 5 -TGGACXGA(C/T)TG(C/T)GGXCA(C/T)AC-3 ; and antisense (base 1000 to 1019), 5 -TA(G/ A)CA(G/A)TT(G/A)TT(G/A)TT(G/A)TC(G/A) AA(T/C)TT-3 . The DNA sequence of the rabbitspecific NET fragment has been published elsewhere (Pau et al. 1997) . A rabbit cyclophilin gene fragment was also generated as an internal marker for the RPA. Cyclophilin mRNA is an abundant, non-regulated mRNA whose levels are expressed constitutively in tissue and reflect the individual variability in sample processing (Danielson et al. 1988 , Ma et al. 1994 . A set of oligodeoxynucleotide primers for a 158 nt rabbit cyclophilin cDNA fragment was generated using a sense oligonucleotide (5 -GGGAAGTCCATCTACGGA-3 ) that corresponds to nt 432-449 in the human cyclophilin mRNA sequence (Bergsma et al. 1991) , and an antisense oligonucleotide (5 -GTTGGATGGCA AGCATGT-3 ) that corresponds to the downstream sequence of human cyclophilin at 572-589. Rabbit adrenal medullar RNA was used as a template for RT in all three probes. The PCR products containing rabbit TH and NET cDNA sequences were subcloned into pGEM-T vectors (Promega Biotech), whereas the cyclophilin cDNA was subcloned into pGEM-3Z vectors (Promega Biotech). Antisense 32 P-UTP-labeled TH and NET cRNA probes were synthesized by in vitro SP6 and T7 polymerization respectively. When applied to the RPA, these probes generated a sensitivity (the smallest amount of sense RNAs used) of 0·06 pg for TH and 0·5 pg for NET mRNA respectively. Antisense 32 P-UTP-labeled rabbit cyclophilin probe was also synthesized from the template by SP6 polymerization, and it showed a linear relationship between the intensity of the hybridization signal and the amount of rabbit brainstem total RNA.
Ribonuclease protection assay
The RPA was performed using the protocol of Ambion Inc., as previously described (Nagpal et al. 1991 , Brown et al. 1993 . Gel-purified TH and NET probes were added (100 000 c.p.m. per tube) to RNA samples or to serial dilutions of known amounts of sense rabbit TH or NET cRNA, which served as references for quantitation of TH or NET mRNA levels. An antisense 32 P-UTP-labeled cyclophilin probe was also added as an internal control. Identical concentrations (5 µg) of total LC RNA from each sample were used and at least one sample from each time point was run in each assay. Each tube also received 20 µg yeast RNA for coprecipitation by adjusting the concentration of ammonium acetate to 0·5  and adding 2·5 vol ethanol. The pellet was resuspended in 20 µl hybridization buffer (80% formamide, 40 m PIPES, 400 m sodium acetate and 1 m EDTA, pH 6·4). The tubes were heated at 85 C for 4 min and then incubated at 45 C overnight. After hybridization, 200 µl diluted RNase A+T1 (1:100, in NET assay) or T1 only (1:100, in TH assay) solution was added. The samples were incubated at 37 C for 30 min to remove single-stranded RNA and precipitated by 300 µl precipitation buffer. The pellet was resuspended in 7 µl loading buffer and the protected radiolabeled fragments were separated in a 5% polyacrylamide, 7  urea gel. The gel was dried and exposed to X-ray film using an intensifying screen at 80 C for two days for cyclophilin signals and for four days for TH and NET signals. The hybridization TH and NET signals were quantitated using the computer analysis program IMAGE written by Dr Wayne Rasband (National Institutes of Health, Bethesda, MD, USA). The analysis yields integrated optical densities following a background subtraction. The amount of cellular TH or NET mRNA was calculated by comparing standard curves that were generated by hybridization of increasing amounts of sense TH or NET mRNA, normalized according to the cyclophilin mRNA signals and expressed as pg sense RNA/µg total tissue RNA.
LH assay
Serum LH was measured by a homologous rabbit RIA as previously described (Pau & Spies 1986) . The sensitivity of the assays ranged from 0·23-0·62 ng/ml. Inter-assay and intra-assay coefficients of variation were 10% and 5·8% respectively.
Statistics
Gene expressions in male and female rabbits were analyzed by a two-way analysis of variance (ANOVA) to evaluate the treatment effects at different times among the two groups. All data are reported as mean 1 ... Probability values of less than 0·05 were considered to be significant. Figure 1 shows changes in serum LH levels at different times after coitus in male and female rabbits. Serum LH levels were elevated by 15 min (36·38 12·43 ng/ml vs precoitus 0·30 0·08 ng/ ml, P<0·05) after coitus in female rabbits, reached peak concentrations between 1 h (63·89 11·62 ng/ ml) and 2 h (67·99 13·84 ng/ml, P<0·01 vs values before coitus) and decreased by 4 h after coitus. In marked contrast, serum LH levels in male rabbits remained unchanged after coitus (0·12 0·08 ng/ml before mating; 0·09 0·06 ng/ml at 1 h post mating; 0·11 0·01 ng/ml at 2 h post mating).
RESULTS
The changes in TH mRNA levels in the LC in male and female rabbits are shown in Fig. 2 . In female rabbits, TH mRNA increased significantly at 15 min after coitus (1·07 0·06 pg/µg vs precoitus 0·62 0·05 pg/µg, P<0·05), remained elevated for 2 h (1·16 0·13 pg/µg), and returned to basal levels at 4 h (0·75 0·17 pg/µg). In contrast, no change in TH mRNA was observed in male rabbits before (0·84 0·21 pg/µg) and after mating (0·5 h, 0·84 0·15 pg/µg; 1 h, 0·67 0·12 pg/µg; 2 h, 0·92 0·17 pg/ µg). The patterns of postcoital changes in TH mRNA expression in both males and females were similar to the changes in plasma LH patterns in the two sexes. Figure 3 shows the changes in NET mRNA in the LC after coitus in male and female rabbits. In female rabbits, NET mRNA levels increased by 15 min (2·61 0·19 pg/µg) after coitus, reached 3·38 0·43 pg/µg by 30 min, and remained elevated at 4 h (4·02 0·43 pg/µg). Postcoital levels at each time point were higher (P<0·05) than values at precoitus (1·34 0·21 pg/µg). In contrast to females, NET mRNA expression in LC neurons of male rabbits did not show a significant change at any time after coitus. Basal levels (time 0) of TH and NET mRNA did not differ significantly (P>0·05) between males and females (Figs 2 and 3) .
DISCUSSION
The results of this study clearly indicate that TH mRNA levels in the LC increased during the coitus-induced LH surge in female rabbits. The temporal changes in TH mRNA levels parallel those in hypothalamic NE release (Yang et al. 1996) and in serum LH levels (Fig. 1) , i.e. both increased shortly after coitus and returned to basal levels by  1. Changes in serum LH after coitus (M) in male (n=3/group) and female (n=6-7/group) rabbits. Serum LH significantly increased after coitus in female rabbits while serum LH levels in male rabbits remained unchanged after coitus. *P<0·05 vs precoitus values.
four hours later. In contrast to the TH-NE/ GnRH-LH changes in females, neither TH mRNA nor LH levels increased in male rabbits after coitus. These findings are in accord with previous demonstrations that increased hypothalamic NE and GnRH were detectable only in postcoital female rabbits (Yang et al. 1996) . Taken together, it is reasonable to suggest that TH activity in LC-NE cells in the rabbit, like NE release in the hypothalamus, is sexually differentiated towards their response to coital stimuli. The basis for this gender difference in the LC is unknown at the present time.
LC neurons contain approximately 50% of the noradrenergic neurons in the brain and project to over 43% of the central nervous system including the hypothalamus (Lindvall & Björklund 1974 , Swanson & Hartman 1975 . Although less documented in rabbits, a number of studies in rats have observed the effects of noradrenergic input from the LC on regulation of GnRH/LH release. For example, lesions of the LC interfere with estrous cycles and LH release (Solano-Flores et al. 1982 , Anselmo Franci & Antunes-Rodriguez. 1985 . Barraclough and his colleagues demonstrated that electrical stimulation of the LC markedly augmented the LH secretion that was induced by initial electrochemical stimulation of the medial preoptic nucleus, thereby suggesting that LC axons influence hypothalamic GnRH neurons (Gitler & Barraclough 1987) . TH mRNA levels in the LC and A1 increased following castration (Liaw et al. 1992b) . However, in situ hybridization findings suggest that TH mRNA expression increases in A1, but not LC, noradrenergic neurons during the proestrous LH surge (Liaw et al. 1992a) . The divergence of this observation and those in the present study may reflect the sensitivity of different techniques for quantitating mRNA expression, and/or different animal models. It is likely that coital signals in the rabbit and hormonal signals in the rat may activate different noradrenergic cell groups to trigger the preovulatory LH surge. That the TH gene expression in the LC is a specific response to coitus in rabbits is strengthened by a concomitant increase in NET mRNA in the female, and a negative response to coitus of both TH and NET mRNA in the LC in the male. It is unlikely that this gender difference in TH/NET-LC responsivity after coitus can be explained by non-specific mRNA changes in the autonomic circuitries of females because female brainstem tissue which excluded LC failed to show TH/NET mRNA changes across the various postcoital times (data not shown). Furthermore, while the current studies were under review, two reports in the ferret (another induced ovulating species; Wersinger & Baum 1997a,b) were published that noted a postcoital increase in TH-immunoreactive neurons in LC of females, but not in males. Wersinger & Baum (1997b) also noted augmentation of c-Fos protein immunoreactivity (IR) in THlabeled LC neurons, whereas no colocalization of c-Fos-and TH-IR in A1 neurons was observed in breeding ferrets. Although we have not selectively punched A1 neurons in postcoital females, our TH/ NET mRNA changes in LC of rabbits are in accord with the TH-IR findings in LC of ferrets. These enhanced TH/NET mRNA and TH-IR levels in LC provide strong evidence that LC-noradrenergic activity responds to coital signals.
We do not know the neural and/or neurohormonal linkage between coital signals and LC-NE neurons. Neither do we know the cause-and-effect relationships between the postcoital activation of LC-TH and NET gene expression and the initiation and/or sustenance of hypothalamic NE release. However, it is likely that the dynamic change in LC-TH is an integral part of the process in the coitus-induced NE/GnRH/LH surge. We offer at least three suggestions that pertain to the role of the increased LC-TH mRNA expression. One is that somatosensory signals from genital stimulation activate LC-TH mRNA expression which, in turn, initiates hypothalamic NE synthesis and release via ascending NE pathways. In this study, LC-TH mRNA levels were up by 50% at 15 min after coitus. Since this was the first time-point examined after coitus, LC-TH gene expression may have increased even earlier. It may be questioned whether the enhanced TH gene expression is involved in the initiation of the NE/GnRH/LH surge as one would predict that the process of gene translocation and TH transportation for NE synthesis/release would take longer than 15 min. Moreover, we observed a significant increase in hypothalamic NE content in microdialysates as early as 5-10 min after coitus (Yang al. 1996) . Earlier studies also indicated that cholinergic/adrenergic blocking drugs needed to be administered within one to two min to prevent coitus-induced release of pituitary ovulating hormone (Sawyer et al. 1949 (Sawyer et al. , 1950 . However, we speculate that the increased LC-TH gene expression helps to sustain the coitus-induced NE surge which lasts for more than 4 h (Yang et al. 1996) . Indeed, considerable evidence suggests that changes in mRNA levels of neurotransmitters and hormones are tightly linked to changes in their patterns of release (Comb et al. 1987 , Young & Zoeller 1987 . A second suggestion is that the enhanced LC-TH mRNA expression plays no role in either initiating or sustaining the NE/GnRH/LH surge. Rather, enhanced TH production is critical for recovery of hypothalamic NE 'depletion' after a massive release by coitus. This view is supported by the findings that NE depletion after reserpine treatment is followed by enhanced brainstem TH activity (Zigmond et al. 1974) . Further, our observation that LC-NET mRNA expression also increased, along with LC-TH mRNA, suggests that enhancement of NE reuptake occurs after coitus. If this is true, both enhanced synthesis and reuptake (as discussed later) may aid in the recovery of presynaptic NE content. A third explanation is that the coitus-induced LC-TH mRNA expression is responsible for NE changes in brain regions other than, or in addition to, the hypothalamus. This suggestion is supported by the vast noradrenergic innervations in the brain that are derived from the LC (Lindvall & Björklund 1974 , Swanson & Hartman 1975 . For example, in female rabbits after coitus and vaginal stimulation, electroencephalographic (EEG) 'hippocampal hyperactivity' occurs (Sawyer & Kawakami 1959) . These EEG changes characterize rapid eye movement (REM) sleep episodes. Other behavioral changes, e.g. ravenous eating, follow the REM sleep episodes and may relate to enhanced noradrenergic activity.
At the present time we can only speculate that the dynamic change in LC-NET may also be an integral part of the process in the coitus-induced NE/GnRH/LH surge. NET gene distribution in the LC of non-mated rabbits has been demonstrated by in situ hybridization in this laboratory (Pau et al. 1997 ). The present results, for the first time in any species, provide evidence that NET mRNA levels in the LC increase during the coitus-induced LH surge. As increasing evidence suggests that levels of mRNA can be used as an index for activities of neuropeptides or proteins (Uhl & Nishimori 1990) , the rising NET mRNA levels during the postcoital LH surge very likely reflect increased activity of NE reuptake, but the mechanism is unknown for the coitus-induced upregulation of this gene. As release of NE markedly increases during the LH surge, one possibility may be that NET gene expression is regulated by endogenous levels of NE. The increase in NET mRNA levels noted in the present study may be a homeostatic response to increased NE levels. This interpretation is supported by several studies. Treatment with a NET blocker, desipramine, in rats for two days increased both NE levels as well as NET gene expression (Szot et al. 1993) . Acute decrease in synaptic availability of NE by administration of -methylpara-tyrosine, a tyrosine hydroxylase inhibitor, can reduce brain NE levels as well as NET mRNA in the brainstem (Xiao et al. 1995) . Taken together, these studies suggest that changes in NET mRNA levels may play a compensatory as well as a regulatory role in response to changing NE levels. In the case of the coital process in which an NE release is initiated, the augmentation of NET activity may subsequently lower NE excitation. This is supported by our observation that NET levels were still high four hours after coitus when both NE and TH mRNA levels are declining.
In summary, the results of this study indicate that gene expression of TH and NET mRNA in the LC was activated during the coitus-induced LH surge in female rabbits, while neither of these two gene expressions nor serum LH levels changed in male rabbits after coitus. These observations, in accord with our previous demonstration of increased hypothalamic NE release in females, reveal the enhanced noradrenergic activities, not only at the NE terminals but also in the LC-NE neurons, during the early postcoital interval in the rabbit. Further study is needed to determine the role(s) of the increased gene expression of TH and NET during this postcoital neuroendocrine stage.
